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THRUST AND DRAG CHARACTERISTICS OF A CONVERGENT-DIVERGENT
NOZZLE WITH VARIOUS EXHAUST JET TEMPERATURES

By Donald P. Hearth and fred A. Wilcox

SUMMARY

An investigation was conducted in the 8- by 6-foot supersonic wind
tunnel on the effect of exhaust-gas temperatures on the external and in-
ternal characteristics of a convergent-divergent nozzle having an area
expansion ratio of 1.83. Data were obtalned over a pressure-ratio
range from 1 to 20 at free-stream Mach numbers of 1.6 and 2.0 for ex-
haust temperatures of 860°, 1650°, and 2000° R.

Results of this investigation indicated that generally both the
internal and external performance characteristics were only slightly
affected by a large change in jet temperature. The small differences
in performance which did occur were predicted satisfactorily from
theoretical considerations.

INTRODUCTION

The experimental evaluation of exhaust-nozzle performance (refs.
1 to 3, for example) have usually been made at relatively low exhaust
Jjet temperatures. In order to apply the results of such investigations
to full-scale engines, a knowledge of the difference in nozzle perfor-
mance, if any, due to higher jet temperatures is required. Numerous
investigations, such as reference 4, have been conducted on the internal
characteristics of rocket-engine nozzles utilizing high Jjet temperatures.
Although the effect of jet temperature and continued burning within a
convergent-divergent nozzle has been treated analytically in refarence
5, no experimental eveluation of this problem has been made, and z,
comparison between cold Jjet nozzle flow and hot jet flow is not t
available.

The internal and external performance of several exhaust-nozzle
configuraetions installed on a generalized Jet exit model has been ob-
tained in the NACA 8- by 6-foot supers@€§9 wind tunnel (refs. 1 and 2).
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Investigated as a part of this program was a convergent-divergent nozzle

having an area expansion ratio of 1.83. The thrust characteristice of -
this nozzle with a cold jet (860° R) are included in reference 1. This

same nozzle was also investigated at jet temperatures of 1650° and 2000° R,
achieved by inserting a combustor prior to the nozzle. At these tem-

peratures, data were obtalned at free-stream Mach numbers of 1.6 and

2.0 and for pressure ratlos up to 20. The results of the investigation

are presented herein and compared with the cold jet nozzle performance.

™~
@
BSYMBOLS =
The followlng symbols are used in this report:
A area, sq ft
D
C drag coefficient
D > 9 A
b-p
Cp pressure coefficient, =0
D drag force, 1b
F Jet thrust, mjVs + Ag(ps - po)s 1b.
Fy ideal Jet thrust, mivzi, 1b
F/Fy  Jjet thrust ratio S . :
o dynamic pressure, Yg 5 lb/sq ft
M Mach number . . . . S ST .
P total pressure, lb/sq ft
Pl/Po néézle pressure ratio . Tl _
-
p static pressure, Ib/sq ft
R radius, ft : N
T total temperature, °r
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s velocity, ft/sec

T ratio of specific heats
o] static density, slugs/cu ft
Subscripts:

& boattail

b base

1 ideal

m maximum

0 free stream

1 .. nozzle entrance

2 nozzle exit

¥* nozzle throat

APPARATUS AND PROCEDURE

The exit model on which the nozzle was investigeted was installed
in the 8- by 6-foot supersonic wind tunnel as shown in figure 1. Air
flow was measured with an A.S.M.E. sharp-edge orifice and the internal
model pressure was varied with a throttle valve located downstream of
the orifice. The air was preheated to a temperature of 860° R by a
coventional turbojet can combustor prior to entering the model.

The preheated air was then introduced into the model through the two
hollow support struts as indicated in figure 1. The desired exhaust
temperatures were obtalned by means of the combustor shown in figure 2
as it was installed in the model. Thlis main burner consisted of a
combustor dome attached to a conical basket having holes totaling 110
percent of the combustion-chamber cross-sectional area. TUnleaded gas-
oline was used and ignition was obtalned with a turbojet-engine spark
plug mounted in the dome. Approximately half of the fuel was injected
in an axial direction through a wvariable-orifice nozzle in the dome and
the rest inward at an angle of 45° through four fixed-area nozzles S
inches downstream of the dome. Fuel flow to both the main burner and
the preheater was measured with rotameters.
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As shown in figure 2, the model consisted of an inner liner within
which the internal air flow was confined and an outer shell. The outer
shell had a parabolic nose sectlon 40 inches long (eq. shown on fig. 2)

and a cylindrical section (outside digm,, 8% in.) 34.13 inches long.

The exhaust-nozzle configuratlon investigated consisted of a nozzle
located inside a psrabolic boattail (fig. 2). Pressure instrumentation
and 1internal nozzle coordinates are shown in figure 3. The nozzle was
of the convergent-divergent type having a throat area of Q.090 square
feet and an expansion ratio of 1.83. This area ratio corresponded to a
design pressure ratlo (one—dimensional flow) of 9.1 and 8.1 for 7y of
1.40 and 1.30, respectively.

Jet thrust was obtalned in the same menner as discussed in detail
in reference 1. The increment of jet thrust 1in the diverging nozzle
section was obtalned from an Integration of the static wall pressures
in this section, and the result added to the computed thrust of a sonic
nozzle. The jet thrust thus obtalned neglected any losses occurring in
the convergent portion and any friction losses occurring in the diver-
gent portion of the nozzle. Internal performance of the nozzle is
presented in terms of a Jet thrust ratio, the ratio of actual Jet
thrust to ideal Jet thrust. Ideal jet thrust for any one pressure ratio
is defined as that thrust available from a glven throat area nozzle if
the nozzle expanded isentropically tc free-stream static pressure. It

should be noted that the thrust ratio is based on actusl and ideal thrusts

for a nozzle mass flow coefficlent of '1.0. In the actual case this
coefficient was not unity but rather 0.99. The additional refinement
of correcting the thrust ratioc for nozzle flow coefficlient does not
significantly affect its wvalue.

Drag characteristics were evaluated in the same manner discussed
in reference 2. The jet effects.on the integrated boattail pressure
drag and on the pressure in the base region (fig. 3) were determined.

The Jet temperature was calculated at the nozzle throat from
continulty relationships. For this computation the nozzle mass flow
coefficlent was assumed equal to the cold flaw value (0.99), and the
total pressure at the nozzle throat was assumed equal to the total
pressure at the nozzle entrance. The hot data fell generally into two
ranges: 1650°+100° R and 20000;1-_100o R. TIn addition, data were obtained
at 860° R with the main burner installed. T o

DISCUSSION
External Characteristics

The effect of a hot Jet issulng from the nozzle on the boattail
pressure drag is presented in figure 4 for free-stream Mach numbers

i
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of 1.6 and 2.0 and jet temperatures of 860°, 1650°, and 2000° R. Inte-
gration of boattall pressure distributions was used to obtaln the drag
values shown. Within the date scatter, the boattail drag variation
with nozzle pressure ratio appears to have been essentially the same
for jet temperatures up to 2000° R.

Influence of the hot Jet on the base pressure is indicated in fig-
ure 5. Although changlng the -jet temperature did not affect the trend
of base pressure coefficient CP,b with nozzle pressure ratio, at any

given pressure ratio higher base pressure coefficients resulted from
higher jet temperatures, thus reducing the bage drag.

A method of estimating base pressures with a hot Jet from cold jet
data is discussed in reference 6. The assumption 1s made that the noz-
zle pressure ratio which produces the same base pressures for various
values of t1 (representing a change in jet temperature) also yields the
same Prandtl-Meyer expansion angle. A curve of the base pressure
coefficient determined from the cold data (v = 1.40) and adjusted by
the method of reference 6 to 1 = 1.30 (which corresponds to an exhaust
temperature of approximately 2000° R) is included in figure 5. Com-
parison between the 2000° R data and the estimated curve indicates
fairly good agrement. This agreement msy be coincidental, and sdditional
verification at higher jet temperatures and with other nozzle configura-
tions is obviously needed to prove the applicability of the correlation
method. -

Schlieren photographs of the cold (Ty = 860° R} and a hot
(Tx = 2000° R) jet at a free-stream Mach number of 2.0 are presented

in figure 6. (It should be noted that the dark horizontal strip near
the center of the Jet is the upper half of the wske from the horizontal
model support struts.) The movement upstream of the tralling shock for
an increase 1n nozzle pressure ratio appears to have been slightly
greater for the hot case (note figs. 6(c) and 6(f)). This small dif-
ference in shock movement did not significantly affect boattall drag

as shown in figure 4.

Internal Characteristics

Pressure distributions in the diverging portion of the nozzle are
presented in figures 7 and 8 for exhaust temperatures of 2000° and
1650° R, respectively. Included on these figures are the distributions
(no internal shocks) for the same nozzle with an exhaust temperature
of 860° R (ref. 1). As indicated, the operation of the nozzle with a
hot Jjet of given temperature was similar to cold jet operation in that
at higher values of pressure ratios CPl/po > 8.6) the static-pressure
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distributions within the nozzle were 1lndependent of a change in both
nozzle pressure ratio and free-stream Mech number. Jet temperature does,
however, influence the absolute values of the nozzle local static
pressures. Raising the Jet temperature resulted in an increase in the
local static pressures. For example, at dan ared ratio AX/A* of 1.30
the local pressure ratios Px/Pl were 0.159, 0.170, and 0.178 for Jet
temperatures of 860o 1650°, and 2000° R, respectively.

3187

The theoretical pressure distributions for isentropic one-dimensional
flow are included in figures 7 and 8 for & v of 1.40. This value of
Y corresponds approximately to a jet temperature of 860° R. As noted
in reference 1, the experimental pressure distributions fall substantially
below the one-dimensional theory, no doubt because of nonuniform Mach
number dlstributions across the nozzle. Better theoretical agreement
with the cold data is shown in reference 1 with dilstributions based
on the method of characteristice. As the exhaust temperature 1s increased,
the ratlo of specific heats 1 - decreases. Values of y of 1.30 and
1.34 correspond approximately to jet temperatures of 2000° and 1650° R,
respectively. For comparison with the distributions at 7y = 1.40, the
theoretlical pressure distributions as calculated from isentropic one-
dimensional flow for vy values of 1.30 and 1.34 are included in figures
7 and 8, respectively. It appears, therefore, that the higher static- -
pressure distributions obtained with the hot jets are due primarily to
differences in 7y.-

Because the burner combustion efficiencies were low (approximately
50 percent) there is the possibility of some burning and heat addition
in the nozzle. If such heat additions d4id occur, 1t also would cause
a8 static-pressure lncrease in the diverging portion of the nozzle (see
ref. 5). The amount of nozzle heat addition appears, however, to have
been very small, for figures 7 and 8 indicate essentially the same
difference between experimental pressures, with and without main burn-_
ing, as the theoretically predicted difference assuming no burning in
the nozzle. S

The nogzzle thrust characteristlics are presented in terms of the
ratio of actual jet thrust to ideal jet thrust. Actual jet thrust was
obtained by the same pressure Integration technique used in reference
1 and was refined to 1nclude the change 1n soniec thrust due to the
different values of y involved (1.30 for Ty = 2000° R and 1.34 for

Ty = 1650° R). Ideal jet thrust was calculated for isentropic expansion

from a sonic throat to free-stream statlc pressure. The ideal thrust
parameter is presented in figure @ for 7y values of 1.30 and 1.40. It -
is apparent that the ideal thrust is slightly affected by v.
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The jet thrust ratios for exhaust temperatures of 2000° and 1650° R
are presented in figure 10 and are compared with the cold jet results of
reference 1. In the upper portions of figure 10 the ideal Jet thrust is
based on the same value of 7y (1.40) for both the hot and cold case,
while in the lower portion the idesl thrust 1s based on the vy corres-
ponding to the actual jet tempersture. The upper portion of this figure
illustrates the slightly higher actual thrusts cobtained with a hot jet
than with the cold jet due primerily to the higher level of static
pressures in the diverging section of the nozzle. On the other hand
when the actual and ideal thrusts are both based on the appropriate vy
(the lower portions of fig. 10) the true measure of the nozzle perfor-
mance and the effect of Jet temperature are apparent. Below a nozzle
pressure ratio of approximately 10, slightly higher thrust ratios were
obtained at the elevated jet temperatures, whereas above this pressure
ratio greater thrust ratios were obtained with the cold jet.

This experimentally observed difference can be predicted from
theoretical considerations. Presented in figure 11 are the theoretical
one-dimensional thrust ratio characteristics at y = 1.30 and 1.40.
Calculations were made as in references 1 and 3 and are presented as
the ratio of the jet thrust for isentropic one-dimensional expansion for
a nozzle with an expansion ratio of 1.83 to the Jet thrust for isentropic
one-dimensional expansion to free-stream static pressure (fig. 9). It
is interesting to note that as the gas properties change (different
values of v) the theoretical thrust ratio characteristics are different.
Comparison of this figure with the lower portions of figure 10 indicates
essentially the same theoreticel difference in thrust ratioc character-
istics as was obtalned experimentsally.

SUMMARY OF RESULTS

The following results were obtained from an investigation conducted
in the 8- by 6-foot supersonic wind tunnel on a convergent-divergent
nozzle having an area expansion ratio of 1.83. Data were obtalned at
free-stream Mach numbers of 1.6 and 2.0 and jet temperatures of 860°,
1650°, and 2000° R.

1. The absolute value of boattail drag and its variation with
nozzle pressure ratio were generally ilnsensitive to the jet temperature.

2. Raising the Jet temperature resulted in an increase in the
coefficient of base pressure. For the configuration evaluated, it was
possible to predict this change from cold Jet data.

3. Higher statlc pressures in the divergent portion of the nozzle

were noted as the exhaust temperature was raised and are believed due to
the different expansion characteristics caused by the lower value of 7.
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4. The thrust ratio 1s slightly influenced by Jet temperature.

Although the change in this ratioc is not unidirectional with jet tem-
perature, it can be theoretically predicted from one-dimensional con-
silderations.

Iewlis Flight Propulsion Laboratory

National Advisory Committee for Aeronautics
Cleveland, Ohio, December 29, 1953
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Figure 4. - Effect of Jet temperature on boattail pressure-drag
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Figure 6. - Schlieren photographs of nozzle exit. Free-strsam Mach rumber, Mo, 2.0.
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Figure 7. - Static-pressure distribution through diverging nozzle sectlon for Jet temperature
of 2000°+100° R
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Figure 8. - Static-preasure distribution through diverging nozzle section for Jet temperature

of 1650°+100° R
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Figure 10. - Effect of Jjet temperature on nozzle
thrust characteristics.
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Figure 11. - Thrust ratio characteristics for nozzle with expansion
ratio of 1.83 (one-dimensional theory).
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